A kind of Ti-6Al-4V alloy matrix composite with coupled (TiCþTiB) networks as reinforcements was conceived and actually prepared by reaction hot pressing technique. Its internal microstructures transferred from Widmanst€ atten lamellae into equiaxed a-Ti grains during in-situ synthesizing reactions, which were characterized by HRTEM analyses to reveal the crystallographic correlations. With an effort to enhance its high-temperature oxidation resistance, the cyclic oxidation kinetics and concomitant structural evolution were experimentally investigated and thermodynamically elucidated in the 873 e1073 K temperature range. The specially designed network configuration of hybrid reinforcers was found to improve the oxidation resistance to a remarkable extent. The cyclic oxidation kinetics followed the classic parabolic relation at the relatively lower temperature of 873 K, but this was replaced by a linear trend once temperature rose up to 1073 K. It was revealed that the thermal-stress induced spallation of oxide scales was the dominant factor to modulate the interaction of oxidation kinetics and structural evolution. A phenomenological model of oxide scale growth was proposed accordingly to depict the kinetics transition of cyclic oxidation process.
Introduction
Seeking high-performance structural materials with high strength, low density and superior oxidation resistance in the temperature range of 873e1073 K has become a worldwide challenge for several decades due to the advancements of aerospace engineering [1] . Titanium-based alloys are considered as a promising candidate for new-generation spacecraft applications, because they possess the higher specific strength than traditional superalloys and the more favorable machinability than ordered intermetallics [1, 2] . In particular, Ti-6Al-4V alloy has become the most widely applied example since its first design half a century ago [3, 4] . An abundance of studies have emerged in the literature focusing on the novel preparation and processing methods [5, 6] , plastic deformation mechanisms [7] as well as microstructural optimization for this series of alloys [8e10] . In spite of the desirable overall mechanical properties, their relatively low specific stiffness, deteriorated ultimate strength and high chemical activity at elevated temperatures hinder them from further applications [11] .
During the past two decades, various attempts have been made by researchers to enhance the mechanical properties of Ti-6Al-4V alloy so as to meet the increasing demands of aerospace vehicles. Among the numerous techniques to strengthen this alloy, introducing ceramic-based reinforcements is often regarded as the most optimal approach due to its low cost and convenience in fabrication. Dating back to the 1990s, continuous SiC fibers were employed to improve the creep resistance of Ti-6Al-4V alloy as reported by Schwenker et al. [12] . To overcome the disadvantages such as the anisotropic effects of mechanical performances for this kind of composites, short TiB whiskers were subsequently used as substitutions. Plenty of investigations toward the fundamentals of preparation and processing [13, 14] , mechanical properties [15, 16] as well as deformation mechanisms [17] for Ti-6Al-4V/TiB composites have been accomplished in the recent ten years. Owing to their high strength, superior hardness and stable physicochemical properties at elevated temperatures, TiC particles were also considered as another kind of promising reinforcer candidate for Ti6Al-4V alloy [18, 19] . With the combination of both TiC and TiB, Ti6Al-4V/(TiCþTiB) composites have been produced through various fabrication techniques, resulting in the enhancement of hightemperature mechanical properties [20e22] . The traditional Ti6Al-4V matrix composites reinforced with TiB or TiC usually display microstructural homogeneity, whereas Huang et al. [23] also reported that Ti-6Al-4V/TiB composites with networkdistributed TiB, which were fabricated by reaction hot pressing techniques, achieved an unprecedented enhancement of hightemperature tensile properties. Moreover, they pointed out that tuning the reinforcement network distribution, which led to microstructural inhomogeneity, could even improve the mechanical properties at elevated temperature for other types of titaniumbased alloys [11] .
As one of the dominant modes of degradation, the oxidation of metals and alloys has attracted much attention particularly in the field of high-temperature structural materials [24e27] . The general process of oxidation-caused failure includes at least three stages: the growth of oxide scale, the compressive-stress induced crack propagation and ultimately the spallation of scales [28, 29] . In such a process, the oxidation kinetics, the phase constitution of oxides and the microstructural evolution are the main topics to be systematically explored. Up till now, a lot of research has been conducted in both experimental and theoretical aspects towards these ends for the oxidation process of titanium-based especially Ti-6Al-4V alloys [30e36] . Owing to their high chemical activity, strong affinity with oxygen and inferior oxygen diffusion resistance, the oxidation stimulated degradation becomes one of the major factors deterring titanium-based alloys from efficient applications at higher temperatures. Consequently, ceramic reinforcements with homogenous distribution were introduced to titanium alloys with another purpose to enhance their oxidation resistance apart from improving the mechanical properties at elevated temperatures, about which some work has been accomplished [37] . As reviewed by Huang et al. [11] , Ti-6Al-4V matrix composites with inhomogeneous reinforcement distribution were found to exhibit superior high-temperature mechanical properties. Therefore, it is of great significance to further examine their oxidation resistance, about which much work still remains to be done.
The previous investigations [11] have revealed that TiB whiskers reinforced Ti-6Al-4V composites show superior high-temperature tensile properties, but their oxidation resistance is destructed due to the strong affinity between TiB and oxygen. Although TiC particles reinforced composites possess desirable oxidation resistance, their mechanical properties are inferior to the matrix alloy, because the well-assembled TiC networks suppress the deformation compatibility. The objective of the present work is to design and fabricate hybrid (TiCþTiB) networks reinforced Ti-6Al-4V composites by optimizing the joint advantages which TiB and TiC can respectively bring into the matrix alloy. A systematic study of their cyclic oxidation resistance is performed in the high-temperature range of 873e1073 K. Focuses are directly toward the interactions between oxidation kinetics and structural evolution. The thermodynamic and kinetic mechanisms of oxide scale formation are explored in details.
Experimental procedures
All the materials including the monolithic Ti-6Al-4V alloy, Ti6Al-4V/TiC, Ti-6Al-4V/TiB and Ti-6Al-4V/(TiCþTiB) composites were prepared by reaction hot pressing technique from various powders, as described in more details elsewhere [11] . Spherical Ti6Al-4V alloy powders with a diameter range from 45 to 150 mm together with fine TiB 2 (3 mm) and graphite (1 mm) powders were employed as the raw materials for alloy and composite fabrication. The same processing technique was applied for both the single addition and hybrid reinforced composites. In the latter case, the three types of powders were mechanically ball-milled under the protection of high purity argon gas at a speed of 150 rpm for 5 h so as to adhere fine TiB 2 and graphite powders uniformly onto the surfaces of alloy powders and simultaneously avoid severe plastic deformation and oxidation. The milled mixtures were subsequently hot-pressed and sintered at 1473 K for 50 min under a pressure of 25 MPa. These were the eventually optimized parameters obtained via thermodynamic and kinetic calculations as well as experimental confirmation. They were then annealed to room temperature, during which the vacuum was kept below 10 À3 Pa in order to prevent both hydrogen adsorption and oxidation. In the framework of thermodynamic design for titanium matrix composites fabrication, the following two in-situ chemical reactions took place spontaneously at temperatures beyond 1200 K, which consequently gave rise to the formation of network-distributed TiC and TiB reinforcements:
Cðs; graphiteÞ þ Tiðs; bÞ/TiCðsÞ
TiB 2 ðsÞ þ Tiðs; bÞ/TiBðsÞ
The preparation of sintered Ti-6Al-4V alloy is quite similar to the procedures explained here, except that the alloy powders with 85e125 mm diameters were directly hot pressed under the same conditions without being mechanically ball-milled.
The specimens for high-temperature cyclic oxidation experiments were prepared through the following traditional techniques: cuboid-shaped samples with dimensions of 10 Â 10 Â 3 mm were cut from F 60 Â 25 mm bulk alloy and composites by wire electrical discharge machining (WEDM). In order to eliminate the oxide scales and surface residual stress yielded in WEDM process, all the specimens were mechanically polished on a series of SiC abrasive paper. The specimens were then ultrasonically cleaned in ethyl alcohol bath for 5 min, and chemically etched by using 10 vol% HF solution so as to obtain the clear observation of microstructures for both matrix alloy and reinforcements. Later on, cyclic oxidation experiments were carried out at 873, 973 and 1073 K for 100 h respectively. The specimens were placed inside F15 Â 10 mm alumina crucibles and subsequently oxidized in heat treatment furnaces under laboratory air atmosphere, during which the mass the specimens together with the spalled oxide scale were monitored by a PTX-FA210 high accuracy electrical balance with precision of 0.1 mg after each cycle of 10 h.
Both the as-sintered alloy and hybridly reinforced composite were analyzed by a Panalytical Empyrean X-ray diffractometer (XRD) with the scan angle range of 20e90 in the step of 0.02 before and after cyclic oxidation. The surface morphology and internal microstructures of the oxidized and unoxidized specimens were investigated via Zeiss Axiovert 200 MAT optical microscope and Zeiss SUPRA 55 SAPPHIR scanning electron microscope (SEM) equipped with an INCA 300 energy dispersive spectrometer (EDS). An FEI Talos 200 transmission electron microscope (TEM) equipped with a high angle annular dark field (HAADF) detector was employed to study the interfacial characteristics and orientation relationships between ceramic reinforcements and matrix alloy together with the elemental distributions in Ti-6Al-4V/(TiCþTiB) composites. The TEM samples were prepared by ion beam milling methods. The specimens for cross-sectional analyses were inlaid in epoxy to prevent oxide scales from spallation before they were processed by following the conventional metallographic procedures. The distribution of oxygen content along the cross section was analyzed by EDS, and each location was scanned for three times in order to avoid occasionality.
Results and discussion

Network structures of reinforcement phases
Based upon a series of previous studies about Ti-6Al-4V alloy [4, 36, 38] , the typical morphologies of this dual-phase alloy may be classified into three different kinds: Widmanst€ atten lamellar microstructure, equiaxed microstructure and duplex microstructure. The SEM analyses of the as-sintered alloy in this work ( Fig. 1  (a) ) reveal a typical Widmanst€ atten lamellar microstructure consisting of a relatively large volume fraction of a-phase (dark region) and a small volume fraction of b-phase (bright region), which is the results of quasi-equilibrium annealing process. In the case of Ti6Al-4V/TiC composites, it is clear in Fig. 1 (b) that a threedimensional network microstructure, which is made up of the closely assembled particulate TiC phase, is formed and the network size is near the diameters of matrix alloy powders (85e125 mm). As can be seen from Fig. 1 (c) , TiB whiskers distribute selectively on the intergranular boundaries of Ti-6Al-4V powders, which also form network microstructures. Similarly, Ti-6Al-4V/(TiCþTiB) composites exhibit network-distributed reinforcements with nearly equal volume fractions of TiC particles and TiB whiskers. However, as compared with the internal microstructure of monolithic Ti-6Al-4V alloy, the alloy matrix displays a transition from Widmanst€ atten lamellar microstructure into refined equiaxed microstructure, which has proved to be beneficial for the mechanical performances especially at elevated temperatures [11] . It is worth noticing that a certain number of TiC particles also distribute inside the alloy matrix, as shown in Fig. 1 (b) and (d). Since graphite was used in the present work to induce the in-situ formation of TiC phase, it is possible that the carbon atoms possess sufficiently high mobility at 1473 K so that they partially diffuse into the inner part of alloy matrix, which consequently results in the localized TiC formation.
The XRD patterns of typical Ti-6Al-4V/(TiCþTiB) composites and the as-sintered Ti-6Al-4V alloy are both provided in Fig. 2 (a) . It is evident that TiC and TiB reinforcers are indeed formed inside the composites, whereas there are no diffraction peaks of residual graphite and TiB 2 , which are the reactants of Equs. (1) and (2) . This indicates that these two in-situ chemical reactions was accomplished completely under the optimized technical parameters for reaction hot pressing. To combine the structural merits of TiC particles and TiB whiskers, the ideal network microstructure designed for Ti-6Al-4V/(TiCþTiB) composites is illustrated in Fig. 2(b) . The SEM micrographs in Fig. 2 (c) and (d) confirm the successful achievement of such a structural design. TiC particles assemble with each other and act as the "grain boundaries" separating Ti-6Al-4V alloy matrix nearby, while the needle-shaped TiB whiskers insert into the alloy matrix at each side of boundaries as dowels.
As mentioned above, the introduction of TiB and TiC reinforcements induces the microstructural transition of Widmanst€ atten lamellae into refined equiaxed microstructure. Such an effect is more evidently observed in the OM micrograph of Ti-6Al-4V/(TiCþTiB) composites presented in Fig. 3(a) . To further illustrate the possible mechanisms of a-phase refinement, a phenomenological model is proposed in Fig. 3(c) . Suppose that in the cooling process of reaction hot pressing, three original a grains A, B and C in the matrix alloy possess the tendency of growing in the direction marked with bold arrows until they come in contact with the reinforcements. Since the modulus of Ti-6Al-4V alloy is about 300 GPa lower than those of TiC or TiB phases, the network structured reinforcements act as "rigid walls" which suppress the growth of a grains by exerting a compressive stress s g on those grains. This stress may be well preserved to room temperature and consequently becomes residual stress between reinforcements and matrix alloy, which results in the stress-expedited chemical corrosion of matrix alloy as seen in Fig. 3(b) . This model could also well explain the reason why the a grains located closer to the reinforcement region have smaller sizes than those in the central part of alloy matrix. In addition to the stress between reinforcements and matrix alloy, another factor might also bring about the same consequence. During the b/a solid phase transformation, the TiB and TiC phases are possible to become the heterogeneous nucleation sites for a phase. Therefore, the nucleation rate at their interfaces is considerably larger than homogenous nucleation, which brings about refined equiaxed a-phase. It is probable that at elevated temperatures the refined a-phase and ceramic-based reinforcers expedite the formation of oxide scales due to the increase in local interface energy.
The TEM studies shown in Fig (c) with (g), it is found that B becomes enriched in a relatively small area, which consequently provides the adequate evidence for the presence of TiB phase. This strongly supports the assumption that heterogeneous nucleation took place during b/a phase transformation, which is reasonably considered as one of the possible mechanisms for a-phase refinement.
Thermodynamic and kinetic features of cyclic oxidation process
Due to the complexity of phase constitutions within Ti-6Al-4V/ (TiCþTiB) composites, it is necessary to predict the possible oxidation reactions and products via theoretical calculations in advance. Since the cyclic oxidation experiments in the present work are conducted at constant temperature and pressure, according to the principles of classical thermodynamics, the variation of Gibbs free energy is the most efficient criterion to describe the possibility whether or not a chemical reaction can happen. Deriving from the first law of thermodynamics and the general correlation between state functions as well as the series for heat capacity at constant pressure, the standard molar Gibbs free energy change is expressed as the Gibbs-Helmholtz relation [39] : 
where DG r represents the standard molar Gibbs free energy change for a specific chemical reaction. Dd, Da, Db and Dc are coefficients derived from the series of heat capacity. A and B are both integration constants determined by using the data of standard molar formation Gibbs energy DG f and enthalpy change DH f at 298 K.
Because the oxidation time of Ti-6Al-4V alloy and composites is relatively long (100 h in total and 10 h for each cycle), it is reasonable to assume that the main resultants are the high valence oxides which also have more stable physicochemical properties. All the possible chemical reactions in the temperature range of 873e1073 K are listed as follows, and the thermodynamic parameters used in the calculations are summarized in 
The calculation results for Equs. (4)e (9) are demonstrated in Fig. 6 (a) and (b). The DG r values of all the reactions listed above increase almost linearly within the temperature range of 873e1073 K and always show negative values, which suggests that these reactions should be thermodynamically possible to take place during cyclic oxidation. According to Fig. 6(a) , among all the alloying elements, Al exhibits the strongest thermodynamic tendency of being oxidized, whereas V shows the least oxidation probability since the absolute value of DG r for Equ. (6) is much larger than that of Equ. (7). Note that such results predict that Ti6Al-4V alloy is likely to be selectively oxidized in the temperature range of 873e1073 K. This is in good agreement with the investigation about the isothermal oxidation behavior of Ti-6Al-4V reported by Guleryuz et al. [35] . Fig. 6 (b) reveals that in terms of classical thermodynamics, TiC displays more desirable oxidation resistance than TiB as well as the alloying elements Ti and Al, which contributes to one of the reasons why TiC is considered as a promising reinforcement candidate to enhance the hightemperature performances for Ti-based alloys [40, 41] . Fig. 7 presents the experimentally measured cyclic oxidation kinetics curves at 873, 973 and 1073 K. Here the matrix alloy powder size is kept as 85e125 mm for all the four materials, while the three composites have the same reinforcement volume fraction of 5 vol.%. It is clear that hybrid (TiCþTiB) networks reinforced composites possess superior oxidation resistance to single TiC or Table 1 Thermodynamic parameters used for physicochemical calculations [39] . TiB reinforced composites and Ti-6Al-4V alloy. At the relatively low temperature of 873 K in Fig. 7 (a) , all the mass-gain kinetics for Ti6Al-4V alloy and three kinds of composites roughly follow parabolic principles, indicating that protective oxide scales were formed and free from macro-scale spallation during cyclic oxidation, as has been confirmed by the macroscopic observations. Statistical data show that after cyclically oxidized for 100 h, the total mass-gain of hybrid networks reinforced composites is 8.1%, 8.0% and 4.0% lower than those of Ti-6Al-4V alloy, Ti-6Al-4V/TiB and Ti-6Al-4V/TiC composites, respectively. It is also worth noting that during the initial 10e20 h, the hybrid (TiCþTiB) networks reinforced composites exhibit larger mass-gain value than the Ti-6Al-4V alloy. This phenomenon results from the ceramic-metal heterogeneous interfaces within the composites. Owing to the higher local chemical potential, the oxidation reactions tend to preferentially take place at the interfaces, which facilitates the mass-gain kinetics in a short period. As indicated by the calculation results in Fig. 6 , the main interfacial oxidation products are thermodynamically stable rutileTiO 2 and Al 2 O 3 phases. Instead of decomposing or evaporating, these oxides adhere to the adjacent TiB or TiC phases and provide extra barriers to suppress internal oxidation as time extends.
As experimental temperature rises up to 973 K, the mass-gain kinetics of monolithic Ti-6Al-4V alloy transfers into a quasi-linear trend. In contrast, the masses of all three types of composites increase linearly as oxidation time extends from 20 to 70 h but subsequently follow a parabolic-like law in the last 3 cycles. The macroscopic observation of surface morphology reveals that the oxide scale on monolithic Ti-6Al-4V alloy displays the most severe spallation, whereas the oxide scale over hybridly reinforced composites adheres well onto the alloy substrate. Additionally, the final stage mass-gain values at 973 K are generally one order of magnitude higher than those of 873 K. Among all the oxidized specimens, hybrid reinforced composites still show the least mass-gain, which is 33.9%, 18.9% and 10.5% lower than Ti-6Al-4V alloy, Ti-6Al-4V/TiB and Ti-6Al-4V/TiC composites, respectively.
Once cyclic oxidation temperature reaches 1073 K, the massgain kinetic curves of all the four materials exhibit conspicuous linear trend, as can be seen in Fig. 7(c) . In such a process, the oxide scales over Ti-6Al-4V alloy and the three types of composites have desquamated after each cycle, where Ti-6Al-4V/(TiCþTiB) composites exhibit the least amount of spallation. Similar to the situations of 873 and 973 K, the mass-gain of hybridly reinforced composites is 36.3%, 12.3% and 16.4% lower as compared with those of Ti-6Al-4V alloy, Ti-6Al-4V/TiB and Ti-6Al-4V/TiC composites after 100 h oxidation. It is adequately inferred that the introduction of hybrid (TiCþTiB) reinforcers into Ti-6Al-4V alloy results in the enhanced oxidation resistance as compared with Ti-6Al-4V alloy and those two composites reinforced individually with TiB or TiC, and this effect becomes more prominent with the rise of cyclic oxidation temperature. A comprehensive insight into the macroscopic observation of surface morphological evolution and the mass-gain trend indicates that a possible correlation exists between the spallation of oxide scale and the cyclic oxidation kinetics.
In order to further clarify the effects of reinforcement volume fraction and matrix alloy powder size on the oxidation behavior and to explore whether or not microstructural optimization can be realized, the hybridly reinforced Ti-6Al-4V/(TiCþTiB) composites with various constitution parameters were cyclically oxidized at the same temperatures for 100 h, which is shown in Fig. 8 . The variations of overall kinetic features in the experimental temperature range is rather similar to the characteristics illustrated in Fig. 7 . A kinetic transition proceeds from the approximately parabolic type at 873 K, through the duplex form of quasi-linear associated with atypical parabolic trend at 973 K, and eventually to the conspicuously linear mode at 1073 K. Among all the hybridly reinforced composites, the one with matrix alloy powder size ranging from 85e125 mm and 5 vol.% reinforcement fraction exhibits the poorest cyclic oxidation resistance at all the three experimental temperatures, where the spallation of oxide scale is also the most severe. It is evident in Fig. 8 that, among those composites with the same 5 vol.% reinforcement fraction, the one with the smallest 45e85 mm matrix alloy powder size possesses superior cyclic oxidation resistance, which is more prominent at the higher temperatures of 973 and 1073 K. Moreover, the kinetic features of the two composites with larger matrix alloy powder size become much more alike as temperature rises. When the reinforcement volume fraction increases from 5% to 8%, the effect mentioned above still holds for 873 K and 1073 K, but it reverses when oxidized at 973 K. If comparing the kinetics curves for those composites with the same matrix alloy powder size of 85e125 mm, it is found that the increase of reinforcement volume fraction brings in an evident enhancement of cyclic oxidation resistance, especially at higher temperatures. When the matrix alloy powder size decreases to 45e85 mm, even though such effects show no longer force at 873 and 973 K, the varying tendency of kinetic features still shows that those composites with higher reinforcement volume fractions are promising to achieve superior cyclic oxidation resistance. The reason why such a reversion exists may be ascribed to the variation in interface properties induced simultaneously by both matrix alloy powder size and reinforcement volume fraction, which needs to be further explored. Fig. 6 (c) provides the XRD patterns for typical hybrid reinforcedly composites before and after 100 h cyclic oxidation. As previously predicted by the theory of classical thermodynamics, the oxides are mainly rutile-TiO 2 and Al 2 O 3 , which agrees partially with the published results in the literature [35, 37] . Different from the phase constitutions of isothermally oxidized Ti-6Al-4V alloy (at 873 K and 723 K for 48 h and 12 h) reported by Guleryuz et al. [35] , the diffraction peaks of anatase-TiO 2 do not appear in the present work. This is because during a long period of 100 h cyclic oxidation at higher temperatures, the metastable anatase-TiO 2 could completely transform into stable rutile-TiO 2 phase. The absence of the V 2 O 5 oxide of alloying element V from XRD patterns is attributed to the following two possible reasons. At first, according to the thermodynamic calculations, the strong selective oxidation of Al or Ti element is likely to take place at elevated temperatures, which subsequently protects V from being oxidized. On the other hand, even if some amount of V is oxidized, the content of V 2 O 5 oxide is too small to be detected by XRD methods. As can be seen from the XRD patterns of composites oxidized at 873 K for 100 h, the diffraction patterns of TiC still exist, whereas the isolated peaks of TiB vanish from the patterns. Such a phenomenon may be well explained through the thermodynamic calculation results shown in Fig. 6 (b) . It is worth noting that the diffraction peaks of B 2 O 3 , which is the oxidation products of TiB, also disappear from all the patterns. Currently there are three reasonable mechanisms for this phenomenon reported in the literature: the evaporation of B 2 O 3 (l) [42] ; the successive reaction between B 2 O 3 (l) and H 2 O (g) leading to the formation of H 3 BO 3 (g) [43] ; and the amorphous B 2 O 3 (s) formation in cooling process [44] . According to a recent study on the evaporating products of B 2 O 3 (l) reported by Sasaki et al. [45] , the B 2 O 3 (l) might not be possible to evaporate under the experimental conditions of the present work. The traces of pores formed in the oxidized composites are demonstrated in Fig. 9(c) , indicating that the evaporation of oxidation products does occur in the composites. Since the oxidation products of TiC also include volatile CO 2 gas, and amorphous B 2 O 3 powders are too small to be observed, the latter two mechanisms are both possible to result in the absence of B 2 O 3 peaks from XRD patterns.
As seen in Fig. 8 (a) , an interesting passivation phenomenon has occurred to the cyclic oxidation process of Ti-6Al-4V/(TiCþTiB) composites at 873 K temperature. Obviously, all the five massgain curves display flat plateaus during the oxidation time period of 30e80 h. This reveals the fact that a continuous and complete film of oxide scale must have formed over composite surfaces and interrupted their oxidation process at least temporarily. Nevertheless, the oxidation reaction is initiated again once oxidation time extends beyond 80 h. The driving force for continued oxidation comes both from the effective penetration of oxygen atoms across the oxide scale and the probable damage of passivating film caused by thermal stresses. Such a passivation effect does not take place at the higher oxidation temperatures. This means that no passivating film can form or exist if oxidizing reactions become very violent or last for sufficiently long periods of time.
Morphological evolution of oxidized surface structures
The SEM micrographs of the surface morphologies for typical Ti6Al-4V/(TiCþTiB) composites (45e85 mm, 5 vol.%) cyclically oxidized at 873 K are presented in Fig. 9 . After a short period of 10 h oxidation, it is found from Fig. 9 (a) that the network microstructure of reinforcement can still be clearly observed, although the typical features of TiC particles and TiB whiskers disappeared due to the oxidation reactions as described in Equs. (8) and (9) . The traits of bphase in matrix Ti-6Al-4V alloy shows more evidently that a-phase has inferior oxidation resistance, which agrees well with the published results in the literature [38] . When the cyclic oxidation time extends to 100 h, the boundaries of network structures (four regions marked as A, B, C and D in Fig. 9(b) ) still preserve their geometrical convex features, which proves indirectly that the oxide scale over these composites is divided into smaller units. Such a morphology might release the thermal stress and growth stress during cyclic oxidation. Fig. 9 (c) demonstrates the formation of pores within the oxidized composites, where the most probable formation mechanism is the evaporation of H 3 BO 3 (g) as previously explained.
As the oxidation temperature rises up to 973 K, the spallation of oxide scales take place after a certain period of oxidation, leading to the surface morphology shown in Fig. 10 (b) . The outer spallationfree region consists of oxides with two geometric morphologies: quasi-equiaxed particles and short pine-shaped needles ( Fig. 10(a) ). Judging from the EDS mapping results and the XRD patterns displayed in Fig. 6 (c) together with the relevant investigations in the literatures [1, 31] , it is assumed that Al 2 O 3 (particle-shaped) and rutile-TiO 2 (needle-shaped) have comprised the oxide scales. If comparing the elemental distribution of the spallation-free region with that in the spalled zone, it is found that the alloying element Al enriches at the outermost layer (where Ti content is relatively low), while Ti enriches in the spallation area and the crack edge (marked with white arrows), which coincides with the previous studies [37, 46] .
When the oxidation temperature was further elevated to 1073 K, Fig. 11(a) shows that mandarin-shaped rutile-TiO 2 was formed at the outermost spallation-free region, and the inner substrate also shows traits of being oxidized. It is worth noting from Fig. 11(c) that the convex boundaries of reinforcement networks A, B and C could be clearly discerned. Since they locate in the spallation region, such morphological features provide a direct evidence for the conclusion that the oxide scale is segmented into many cells with sizes close to these networks. Furthermore, the network-distributed reinforcements act as dowels to fasten the oxide scale tightly onto the composite substrate, which suppresses the spallation of oxide scale and leads to the lower mass-gain values during cyclic oxidation. This is confirmed by the relevant macroscopic structures and kinetic curves. The cross-sectional SEM images together with EDS elemental distribution analyses for Ti-6Al-4V/(TiCþTiB) composites after cyclically oxidized at 873, 973 and 1073 K are presented in Fig. 12 . At the lower 873 K temperature, the oxide scale with the thickness less than 5 mm adheres tightly to the alloy substrate. It acts as a reaction barrier protecting the inner part of the specimen from being oxidized, leading to the approximately parabolic mass-gain kinetics as shown in Fig. 7 (a) and 8 (a) . By comparing the elemental distribution characteristics given in Fig. 12 (b) and (c), it is found that the alloying element Al is enriched at the outmost part of the oxide scale, indicating the existence of Al 2 O 3 . Contrarily, it becomes depleted in the sub-layer as marked with arrows in Fig. 12(c) . Referring to the results provided in Fig. 5 (a) , (f) and (g), the Al depletion area in alloy substrate coincides with the traits of partially or even un-oxidized reinforcements.
The thickness of oxide scale increases evidently as cyclic oxidation temperature rises up to 973 K, as is shown in Fig. 12 (b) . Similarly, Al 2 O 3 locates at the outermost part of the oxide scale, resulting in the depletion of Al in nearby region. Different from the situation at 873 K, it is also found in Fig. 12 (b2) that a multi-layered microstructure forms over the composites, which is the characteristics for crack formation or oxide scale spallation. This causes the deterioration for the protecting capability of oxide scale, hence stimulating the kinetic transition in mass-gain curves as previously discussed. Such a phenomenon is more prominent when temperature further reaches 1073 K. If comparing Fig. 12 (c) with the experimentally measured cyclic oxidation mass-gain curves presented in Fig. 8 (c) , it is obvious that the number of layers within the oxide scale is exactly the same as the number of oxidation cycles with a time period of 10 h. As a result, the periodical occurrence of crack formation or spallation within the oxide scale shifts the massgain kinetics into conspicuously linear type and also leads to the alternating Al 2 O 3 and rutile-TiO 2 multilayered microstructure as depicted in Fig. 12 (c1) and (c2) . Of all the oxidation features discussed above, it is now clear that a strong correlation between oxide scale spallation and kinetics transition does exist during cyclic oxidation.
Interactions of cyclic oxidation and structural evolution
The experimental results demonstrated above indicate that the spallation of oxide scale is a dominant factor, which affects both the cyclic oxidation kinetics and the microstructure evolution. The possible factors which induce the failure of oxide scale include the thermal stress, orientation mismatch stress, chemical composition variation, recrystallization stress and growth stress etc. Here the thermal stress is often considered as the most significant effect during cyclic oxidation. Even if the oxidized specimens are cooled at equilibrium state, it is still caused by the discrepancy of thermal expansion coefficients between oxide scale and inner substrate, let alone the conspicuously changing temperature during cyclic oxidation experiments. Because the thermal stress in such a process is often difficult to monitor by conventional experimental methods, the present work employs a dual thin-scale model proposed by Timoshenko [47] to empirically predict the thermal stress during cyclic oxidation. The expression of the thermal stress between oxide scale and composite substrate is derived from the principles of elastic mechanics as [47] :
where a Ox , a M , d Ox, d M , m Ox , m M , E Ox , E M and DT represent the thermal expansion coefficient, thickness, Poisson ratio, Young's modulus of the oxide scale and substrate and the temperature difference between oxidation and room temperature, respectively. Since the experimental data of thermal expansion coefficients a c for the composites are currently still in lack, the present work applies Kerner's model [47] to provide an empirical estimation, the form of which is expressed in Equ. (11):
where K i , V i and a i are the bulk modulus, volume fraction and thermal expansion coefficient for the ith phase. According to the microstructural characteristics of oxide scale shown in Fig. 12 , it is self-consistent to assume that the failure of oxide scale preferentially initiates at the interface between sub-layered rutile-TiO 2 and inner substrate. The failure criterion s c could therefore be expressed as a function of h/a, which is the ratio of the oxide scale thickness to the curvature radius (Equ. (12)). The parameters used in the calculations are summarized in Table 2 .
As illustrated by the calculated results in Fig. 13 , it is apparent that the thermal stresses within all the monolithic Ti-6Al-4V alloy, Ti-6Al-4V/TiB, Ti-6Al-4V/TiC and Ti-6Al-4V/(TiCþTiB) composites increase linearly with elevated temperature during cyclic oxidation. At the lower temperature of 873 K, which corresponds to the temperature difference DT ¼ 575 K in Equ. (10) , the thermal stresses in all the four types of materials are lower than the failure critical value s c , indicating that the probability to initiate cracks or spallation is relatively small. This therefore leads the protective oxide scales to be well preserved during cyclic oxidation. Such results support the roughly parabolic mass-gain kinetics previously discussed in Fig. 7(a) . When temperature rises up to 973 K, the calculated results show that the thermal stress within Ti-6Al-4V alloy increases beyond the critical s c value, whereas the thermal stresses in composites are still approaching the failure stress, indicating that cracks or spallation are more likely to form in the monolithic Ti-6Al-4V alloy instead of those composites. That is to say, the oxide scale over Ti-6Al-4V alloy completely loses its protection capability because thermal stress brings about mechanical spallation. Meanwhile, the oxide scales on composites maintain their ability to suppress successive oxidation to some extent, even though other factors such as the growth stress and orientation mismatch may contribute to the total stress value which subsequently facilitates the spallation process. This could be the main reason why the mass-gain kinetics of Ti-6Al-4V alloy yields a linear trend, whereas that of composites exhibits the duplex features of both parabolic-like and atypical linear modes. In the case of cyclic oxidation at 1073 K, because the thermal stresses in all four materials prominently exceed their threshold values, the oxide scales experience macro-scale spallation, resulting in the linear mass-gain kinetics as confirmed in Fig. 7(c) . The effect of reinforcement volume fraction on thermal stress is presented in Fig. 13 (b) , manifesting that the Ti-6Al-4V/(TiCþTiB) composites with higher reinforcement content possess enhanced cyclic oxidation resistance. This agrees with the experimental results illustrated in Fig. 8 . In addition to hives-shaped TiC, the Ti-6Al-4V/(TiCþTiB) composites also contain whiskers-shaped TiB, which are likely to act as dowels inserting into the oxide scale, thus providing extra contribution to the suppression of oxide scale spallation. Combining the experimental results and theoretical calculations, it can now be concluded that the mechanisms for the enhanced cyclic oxidation resistance of Ti-6Al-4V/(TiCþTiB) composites involve the following four aspects: (1) the introduction of TiC and TiB reinforcements decreases the thermal stress between oxide scale and alloy substrate; (2) the network-distributed reinforcements divide the oxide scale into smaller units; (3) the closely assembled TiC particles serve as a diffusion barrier for oxygen; and (4) TiB whiskers insert into the oxide scale to provide extra fastening stress. On the basis of Timoshenko's model [47] , the failure mode of oxide scale is possibly either the generation of micro-cracks at interface or the spallation of a whole layer, which leads to the exposure of inner unoxidized part into the high-temperature oxidizing atmosphere. In the usual oxidation process of metals and alloys, the newly exposed region has high affinity with oxygen and consequently favors successive chemical reactions. To provide a semiquantitative understanding about the effects of thermalstress induced spallation or cracks, the block-slot diffusion model proposed by Doilnitsyna [48] is applied to calculate the oxygen concentration profile along the cross section. The mass-gain of specimen during high-temperature oxidation is assumed to be contributed only by the inward dissolution of oxygen, while no chemical reaction takes place in such a process. That is to say, the discrepancy between calculated and measured concentrations most probably represents the contribution of chemical reactions. The unidimensional oxygen concentration field corresponding to Neumann's boundary condition is expressed in the form of Gaussian error function [48] :
where x, h, t, D, c 0 are diffusion distance, oxygen surface exchange coefficient, time, oxygen diffusion coefficient and oxygen concentration at the outermost location (set as 43.5%, which is the average value of oxygen in Al 2 O 3 and rutile-TiO 2 ). Because the oxygen diffusion coefficient for network-structured Ti-6Al-4V/(TiCþTiB) composites are currently in lack and the reinforcement content within these composites is relatively low, it is rational as a firstorder approximation to carry out such calculations by using the oxygen diffusion coefficient of Ti-6Al-4V alloy measured by Guleryuz et al. [35] . Fig. 14 illustrates the experimentally measured and calculated oxygen concentration distributions for Ti-6Al-4V/(TiCþTiB) composites oxidized at 873, 973 and 1073 K for 100 h. For the lower 873 K temperature, it is clearly seen in Fig. 14(a) that the measured oxygen concentration (in scatters with error bars) almost overlaps with that of theoretical prediction. The shadowed area in the figure shows the increment in oxygen concentration, which might attribute to the following two reasons. At first, micro-cracks may appear in the composites but do not lead to marco-scale spallation. Secondly, oxygen could have stronger bulk diffusibility within composites than the monolithic Ti-6Al-4V alloy, which makes the calculated results smaller than the actual measurements. When temperature rises up to 973 K, even though the variation tendency of experimentally measured oxygen concentration is similar to the results obtained by calculations, their difference becomes much larger than before. At the still higher temperature of 1073 K, a conspicuous discrepancy becomes apparent between the measured values and the calculated results. Considering all the mechanisms addressed before, this is caused mainly by the consequence of thermal stress induced mechanical spallation of oxide scales.
In the light of all the findings discussed above, a phenomenological model may be conceived to explain the growth of oxide scale over Ti-6Al-4V/(TiCþTiB) composites during cyclic oxidation. As depicted in Fig. 15 , the solute Al element exhibits much more prominent oxidation tendency than the solvent Ti and another solute V according to classical reaction thermodynamics. Meanwhile, the mobility of Al is two orders of magnitude higher than that of Ti at elevated temperatures. The thermodynamic predictions and the experimental results confirm that Al 2 O 3 forms at the outermost part of composite surfaces, leaving an Al depletion region in the sub-layer. Both Al and Ti near the surface will be completely oxidized into Al 2 O 3 and rutile-TiO 2 . Since the thermal stress is relatively low in this case, both types of oxide scale could well suppress the inner part from being successively oxidized, and thus the corresponding mass-gain kinetics follows parabolic rule. When the total inherent stress (most of which is the thermal stress as discussed before) becomes large enough to stimulate the spallation or cracks, the unoxidized parts will are exposed to the hightemperature oxidizing atmosphere, leading to extra chemical reactions, which produces the dual-layered oxide scale. If this process occurs repeatedly in every cyclic period, a multi-layered oxide scale will then form, as shown in Fig. 12 (c2) . The mass-gain kinetic features subsequently transfer into a linear trend, which is presented in Figs. 7 and 8.
Conclusions
In summary, the respective merits of TiC particles and TiB whiskers have been combined to fabricate high-performance Ti6Al-4V alloy matrix composites by reaction hot pressing technique. In order to enhance the oxidation resistance for this type of hybridly reinforced composite, the interactive effects of cyclic oxidation and structural evolution were experimentally explored in the 873e1073 K temperature range for 100 h and also analyzed in the light of reaction thermodynamics and kinetics. The main findings are outlined as follows:
(1) Owing to the in-situ synthesizing reactions between Ti-6Al-4V alloy and graphite together with TiB 2 powders in sintering process, the resultant coupled (TiCþTiB) reinforcers are characterized by a three dimensional network structure within bulk composite. Meanwhile, the internal microstructure of alloy matrix transferred form Widmanst€ atten lamellae into well-refined and roughly equiaxed grains of a- (4) The oxide scales consist always of a mixture of particulate Al 2 O 3 and rutile TiO 2 phases in the oxidation temperature range of 873e1073 K. The network structures of coupled TiC and TiB reinforcers divide these oxide scales into numerous small cells adhering onto the composite surfaces, which facilitates the effective release of thermal stresses and hence helps to enhance oxidation resistance. A periodical multilayered structure composed of alternating Al 2 O 3 and TiO 2 regions is characteristic of the cross-sectional view of oxide scales after the cyclic oxidation at high temperatures. (5) The thermal-stress induced spallation of oxide scales is the essential factor to dominate the interactions of cyclic oxidation and structural evolution. A phenomenological model of oxide scale growth was proposed accordingly, which differentiates the cyclic oxidation process as two distinctive kinetic stages. At the initial stage, the solute Al element took the lead to react with oxygen and was accompanied by the successive oxidation of Ti matrix so as to produce a complete oxide scale without cracks. During the second stage, the severe spallation of oxide scales resulted from the origination and propagation of cracks.
